Replication of hepatitis C virus (HCV) RNA in virus-infected cells is believed to be catalyzed by viral replicase complexes (RCs), which may consist of various virally encoded nonstructural proteins and host factors. In this study, we characterized the RC activity of a crude membrane fraction isolated from HCV subgenomic replicon cells. The RC preparation was able to use endogenous replicon RNA as a template to synthesize both single-stranded (ss) and double-stranded (ds) RNA products. Divalent cations (Mg 2؉ and Mn 2؉ ) showed different effects on RNA synthesis. Mg 2؉ ions stimulated the synthesis of ss RNA but had little effect on the synthesis of ds RNA. In contrast, Mn 2؉ ions enhanced primarily the synthesis of ds RNA. Interestingly, ss RNA could be synthesized under certain conditions in the absence of ds RNA, and vice versa, suggesting that the ss and ds RNA were derived either from different forms of replicative intermediates or from different RCs. Pulse-chase analysis showed that radioactivity incorporated into the ss RNA was chased into the ds RNA and other larger RNA species. This observation indicated that the newly synthesized ss RNA could serve as a template for a further round of RNA synthesis. Finally, 3 deoxyribonucleoside triphosphates were able to inhibit RNA synthesis in this cell-free system, presumably through chain termination, with 3 dGTP having the highest potency. Establishment of the replicase assay will facilitate the identification and evaluation of potential inhibitors that would act against the entire RC of HCV.
Hepatitis C virus (HCV) is the major cause of non-A, non-B transfusion-associated hepatitis and accounts for a significant proportion of viral hepatitis cases worldwide (9, 18) . Although HCV infection is resolved in some subjects, up to 80% of infected individuals develop chronic HCV infection. HCV is a positive-sense RNA virus belonging to the Flaviviridae family (5) . The life cycle of HCV consists of several important processes that occur primarily in the cytoplasm of the host cells. Among these important processes, RNA replication is a key step in the viral proliferation cycle and is thus an important target for antiviral development. The genome of HCV consists of approximately 9,600 bases, with a single open reading frame encoding a polyprotein of around 3,010 amino acids. The open reading frame is flanked by 5Ј and 3Ј untranslated regions, which are important for translation and RNA replication. The polyprotein is cleaved both co-and posttranslationally by cellular and virally encoded proteases into at least 10 different structural and nonstructural proteins (1, 9, 18) .
The NS5B protein of HCV has been shown to possess RNAdependent RNA polymerase activity in vitro. However, recombinant NS5B alone lacks the strict template specificity required for RNA synthesis (2, 6-8, 11, 13-15, 21, 27, 28) . The lack of template specificity is presumably due to the absence of other viral or host factors that constitute the viral replicase complexes (RCs) in vivo. It is believed that RCs, rather than NS5B protein alone, are involved in catalyzing RNA synthesis during viral RNA replication. HCV RCs contain, in addition to NS5B, other viral nonstructural proteins (e.g., NS3/4A, NS4B, and NS5A) and possibly host factors. These additional components may play important roles in modulating polymerase activity, conferring template specificity and ensuring RNA synthesis with necessary fidelity during the replication process. So far, detailed characterization of HCV replicase activity in the context of a complex has not been accomplished, mainly due to the absence of a robust HCV cell culture system. The recent successful establishment of a HCV replicon cell culture provided a useful source for isolation of viral RCs (3, 12) . In this study, we characterized the activities of the RCs in crude membrane fractions isolated from HCV subgenomic replicon cells. Isolation of the HCV replicase and determination of its activity are expected to provide a useful system for evaluation of potential inhibitors targeting HCV RNA replication.
Active RCs present in a membrane fraction isolated from HCV subgenomic replicon cells. HCV subgenomic replicon cells (I 389 /NS3-3 cell line) (10, 12) were used to isolate the viral RC. Previous immunoelectron microscopic studies on the same replicon cells revealed that the majority of HCV viral proteins were associated with membranes of the endoplasmic reticulum (ER) (17) . HCV NS5B protein was also reported to be located on the ER or an ER-like compartment in U-2 OS human osteosarcoma-derived cells expressing all HCV proteins (20) . These findings provide strong evidence that HCV replication occurs through membrane-associated RCs, as in the case of several other positive-strand RNA viruses, including poliovirus, flock house virus, and flaviviruses (4, 23, 25, 26) . We isolated a crude membrane fraction from subgenomic replicon cells by Dounce homogenization and high-speed centrifugation (22) . Western blotting analysis confirmed that HCV nonstructural proteins (NS4B, NS5A, and NS5B) were present in this membrane preparation (Fig. 1A, lanes 2, 4, and 6 ). This analysis also revealed that approximately 20% of the HCV nonstructural proteins were retained in the membrane fraction (data not shown). No viral protein was detected in the membrane fraction isolated in parallel from the control HuH-7 cells (Fig. 1A, lanes 1, 3, and 5 ). An RNA replication assay was then used to determine whether the RCs in this membrane fraction were enzymatically active. Standard assay mixtures contained 50 mM HEPES (pH 7.3); 10 mM KCl; 10 mM MgCl 2 ; 20 U of RNase inhibitor; 10 g of actinomycin D per ml; 0.5 mM (each) ATP, GTP, and CTP; 10 Ci of [␣-
33 P]-UTP; and 0.5 l of the membrane fraction in a total volume of 20 l. The reaction mixtures were incubated at 30°C for 2 h, followed by phenol-chloroform extraction and ethanol precipitation. As shown in Fig. 1 , two major RNA products with different mobilities were detected (Fig. 1B, lane 3) , with one of these corresponding to single-stranded (ss) subgenomic replicon RNA (Fig. 1B, lane 1) . No product was detected with the membrane fraction isolated from the control HuH-7 cells (Fig.  1B, lane 2) , indicating that the labeled products were specific to replicon cells. Formation of the products also required the presence of all nucleoside triphosphate substrates (ATP, CTP, and GTP, in addition to the labeled UTP) (Fig. 1B, lane 4) , suggesting that it is not likely that they were produced by possible terminal nucleotidyl transferase activity associated with the membrane preparation.
Nuclease S1 treatment (specific for ss RNA regions) was used to determine the nuclease sensitivity of the labeled products. As shown in Fig. 1C , the monomer-length RNA product was highly sensitive to nuclease S1 treatment, whereas the larger RNA product was resistant to the treatment. This result indicated that the viral RC produced ss and double-stranded (ds) RNA products. Taken collectively, our data demonstrated that the membrane fraction isolated from the replicon cells contained active RC, which could utilize endogenous subgenomic replicon RNA as a template to synthesize both ss and ds RNA products.
Pretreatment of the crude membrane fraction with mild detergents (deoxycholate or Nonident P-40) had different effects on the syntheses of ss and ds RNA products. As shown in In vitro RNA replication directed by HCV RCs. The RNA replication assay was carried out for 2 h at 30°C. The RNA products were extracted with phenol-chloroform, ethanol precipitated, and separated on a 1% agarose gel. After electrophoresis, the gel was dried prior to autoradiography. Radiolabeled subgenomic replicon RNA transcripts synthesized from the I 389 /NS3-3 cDNA clone by T7 polymerases were used as the marker (lane 1), and membrane fractions either from HuH-7 cells (lane 2) or from the replicon cells (lanes 3 and 4) were used in the assay. Cold nucleoside triphosphate substrates (ATP, CTP, and GTP) were omitted from the reaction mixture to obtain the results shown in lane 4. The arrow indicates the position of ss subgenomic replicon RNA. (C) Nuclease S1 treatment of the labeled products synthesized by the RC. RNA products synthesized from the standard reaction were treated with increasing concentrations of nuclease S1 (1.2 to 32 U/l). After digestion by S1, the RNA was recovered and separated on a 1% agarose gel. The upper and lower bands represent ds and ss RNA products, respectively. on October 15, 2017 by guest http://jvi.asm.org/ structure was absolutely required for ss RNA synthesis by the viral RC. In contrast, synthesis of ds RNA was less sensitive to detergent treatment. In fact, higher concentrations of deoxycholate (range, 2 to 4%) could enhance the production of ds RNA product (Fig. 2 , lanes 4 to 6). Different effects of divalent cations on RNA synthesis. As in the case of recombinant NS5B protein, divalent cations were required for the replicase activity, as no product was detected in the absence of Mg 2ϩ or Mn 2ϩ (Fig. 3A, lanes 1 and 9) . Interestingly, Mg 2ϩ and Mn 2ϩ showed different effects on the syntheses of ss and ds RNA products. Mg 2ϩ specifically stimulated the synthesis of ss RNA, with optimal concentrations at around 5 mM, though at concentrations of up to 80 mM it had little effect on the synthesis of ds RNA (Fig. 3A) . However, at higher concentrations (Ͼ20 mM), Mg 2ϩ showed an inhibitory effect on ss RNA synthesis. In contrast, low concentrations of Mn 2ϩ showed a stimulatory effect on the synthesis of ds RNA, with the optimal concentration at about 0.5 mM. Higher concentrations of Mn 2ϩ (Ͼ3 mM for ss RNA and Ͼ0.5 mM for ds RNA) showed a strong inhibitory effect on RNA synthesis. This result is different from that observed with the recombinant NS5B protein, which preferred Mn 2ϩ ions for maximal enzymatic activity (7, 13) . Furthermore, the results shown in Fig. 3 also revealed that synthesis of ss RNA could occur under certain conditions (e.g., higher Mn 2ϩ concentrations) in the absence of ds RNA production (Fig. 3A, lanes 13 to 15) . Similarly, ds RNA could be synthesized (at higher Mg 2ϩ concentrations) in the absence of ss RNA synthesis (Fig. 3A, lanes  7 to 8) . This observation suggested that ss and ds RNA were likely generated either from different forms of replicative intermediates or from different types of RCs. This hypothesis was also supported by the earlier observation that the processes for synthesis of ss RNA and ds RNA showed different sensitivities to detergent treatment (Fig. 2) .
A time-course experiment was used to characterize the kinetics of RNA synthesis in this cell-free system. The reaction mixtures were incubated for various periods of times ranging from a few minutes to several hours. As shown in Fig. 3B , ss and ds RNA products started to appear at about 5 min, with production increasing over time and reaching a maximum at approximately 90 to 120 min. ss RNA was made in a large excess over ds RNA. Interestingly, the two RNA products were synthesized almost simultaneously. This is somewhat different from what has been observed for the RCs of flock house virus. In the case of that virus, ds RNA product was synthesized first and then served as the intermediate for synthesis of ss RNA (25) . Our results further strengthened the hypothesis that synthesis of ss RNA by the HCV RC in this cell-free system was independent of that of ds RNA.
Newly synthesized ss RNA as the template for a further round of RNA synthesis. To determine the template activity of the newly synthesized RNA product, a pulse-chase experiment was performed. Briefly, reaction mixtures were incubated at 30°C for 60 min in the presence of [␣-
33 P]-UTP (in addition to cold ATP, CTP, and GTP). After the labeling reaction, a large excess of cold UTP (300-fold over labeled UTP) was added to the reaction and the reaction mixtures were further incubated for various time intervals. As shown in Fig. 4A , the newly synthesized ss RNA was chased into product larger than the template size, which increased in size over time. A small proportion of the radioactivity was also chased into ds RNA, as indicated by increasing intensity of the ds RNA. This result indicated that the newly synthesized ss RNA could serve as template for the synthesis of ds RNA.
The fact that most of the labeled ss RNA was chased into products less than the size of ds RNA prompted us to analyze further the nature of the extended RNA molecules by nuclease S1 treatment. As shown in Fig. 4B , nuclease treatment on the extended RNA products resulted in a reduction in size, suggesting that these molecules were partially ds, presumably representing various forms of replication intermediates. Due to the low product yield of this replication assay, we were unable to further characterize these partially ds molecules by conventional methods. 3 dNTPs as inhibitors of HCV RC. Establishment of the HCV replicase assay will help to identify and validate potential inhibitors targeting the RNA replication process. We first tested whether 3Ј deoxyribonucleoside triphosphates (dNTPs) can inhibit replicase activity in a cell-free system. Since the hydroxyl group at the 2Ј position (2Ј-OH) of rNTPs is specifically recognized by RNA polymerases and contributes to substrate specificity. It is conceivable that 3Ј dNTPs, which retain the 2Ј-OH group, can serve as the substrate for HCV polymerase and subsequently inhibit RNA synthesis through chain termination. As shown in Fig. 5A , 3Ј dGTP and 3Ј dCTP inhibited both ss and ds RNA synthesis, with 50% inhibitory concentrations of 70 and 400 M, respectively (the concentration of cold GTP or CTP in the reaction was 500 M). In contrast, 3Ј dATP showed no effect on the RNA synthesis at concentrations as high as 600 M. To further demonstrate that 3Ј dGTP and 3Ј dCTP can prevent chain elongation during RNA synthesis, a pulse-chase experiment was performed in the presence of 3Ј dGTP and 3Ј dCTP. In this case, ss and ds RNA were labeled with [ 33 P]-UTP for 60 min, after which a 300-fold excess of cold UTP and various concentrations (0 to 200 M) of 3Ј dGTP or 3Ј dCTP were added. The labeled products were chased for an additional 40 min at 30°C. As shown in Fig. 5B , a majority of the labeled ss RNA was further extended into either ds RNA or RNA longer than the template length after the 40-min chase period (compare Fig. 5B, lanes 1 and 2) . In the presence of the increasing concentrations of 3Ј dGTP, no extension from ss RNA was detected and all the labeled ss RNA remained at the monomer size (Fig. 5B, lanes 3 to 6) . Similarly, inhibition of chain elongation was also observed with 3Ј dCTP (Fig. 5B, lanes 7 to 11) , though it was less efficient than with 3Ј dGTP. Taken collectively, these results demonstrated that 3Ј dGTP and 3Ј dCTP were able to inhibit RNA synthesis and prevent chain elongation directed by the HCV RC.
HCV RC preparation could not use exogenous RNA as template. So far, all our characterization of the HCV RC was based on the use of the endogenous replicon RNA as the template. We had also attempted to introduce exogenous RNA templates into the reaction mixture, after removal of the endogenous replicon RNA by micrococcal nuclease (MN) treatment (25) , to assess whether the HCV RC was able to use exogenous RNA as a template. To this end, viral RC (0.5 l) was treated with MN in a 10-l reaction volume containing 50 mM HEPES (pH 7.3), 10 mM dithiothreitol, and 2 mM CaCl 2 for 30 min at 30°C. MN was inactivated by addition of EGTA to a final concentration of 20 mM. The treated RC was then assayed for activity in the presence various exogenous RNA templates. Under these assay conditions, the HCV RC was not able to utilize exogenous RNA as template. One explanation for the failure was that certain viral or host proteins, which were essential for this activity, were removed during the preparation of the replicase extract. This is also consistent with the less robust nature of this replicase system in comparison with those of other positive-strand RNA viruses (10, 25) . The other explanation is the inability of the added RNA templates to access the active site of the RC due to sequestration by membranes. Currently, we are focusing on improving the efficiency of the HCV replicase system by searching for additional factors necessary for its maximal activity. We reported here that the membrane fraction isolated from HCV subgenomic replicon cells contained active viral RC. The RC could utilize the endogenous replicon RNA as template to synthesize both ss and ds RNA products. Several observations have pointed to the hypothesis that synthesis of ss RNA in this replicase assay was independent of that of ds RNA, as follows. Fig. 3A ) in the absence of ds RNA production and vice versa. In addition, a pulse-chase experiment demonstrated that newly synthesized ss RNA was further chased into ds RNA and RNA species larger than the monomeric replicon RNA, indicating that the ss RNA could serve as a template for additional rounds of RNA synthesis. (iv) Finally, we showed that 3Ј dNTPs, especially 3Ј dGTP and 3Ј dCTP, were able to inhibit synthesis of both ss and ds RNA and prevent elongation, probably by serving as chain terminators. This result suggested that HCV RCs were capable of using 3Ј dNTPs as a substrate for incorporation. This finding might have an important implication in the design of antiviral drug against this important viral pathogen.
A significant difference between HCV RC and other viral RCs is that its activity was highly dependent on the presence of the endogenous replicon RNA. So far, no success has been accomplished in inducing the viral RC to utilize exogenous RNA molecules as template. A number of viral RCs isolated from infected cells with positive-stranded RNA viruses were able to initiate RNA synthesis from an exogenous RNA template. In the case of black beetle virus and tobacco mosaic virus, removal of the endogenous RNA template by treatment with MN was crucial for the viral RC to synthesize both positive-and negative-stranded RNAs from the exogenous RNA template (16, 19) . However, the HCV RC failed to utilize exogenous RNA as a template after similar MN treatment, this even when the RNA template was introduced in the presence of Lipofectin (Invitrogen) (data not shown), which has been shown to induce the synthesis of positive-stranded RNA from the added RNA template for flock house virus RC (24) . Relatively speaking, the activity of the HCV RC was not as robust as those of other viral RCs. This might reflect that the HCV RC was isolated from stable replicon cells rather than from cells that had actually been infected with the virus, as in the cases of other similar studies. Alternatively, the inability to use exogenous RNA as a template may be either due to the absence of certain cofactors which were removed during the preparation of the RC extract or simply because this cell-free replication assay needed to be further optimized. Nonetheless, establishment of this cell-free replication system using HCV RC rather than NS5B alone is expected to provide an essential tool for further investigating the mechanisms of HCV replication and for identifying compounds that specifically target the viral replication process of HCV.
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